SUMMARY Sperm from normal human donors and a G6PD-A-individual were examined for Xlinked glucose-6-phosphate dehydrogenase activity and autosomally linked 6-phosphogluconate dehydrogenase activity. With the use of fluorescence microscopy, we devised a procedure to visualise in individual sperm cells the fluorescence of reduced coenzyme NADPH formed by each of the two enzymes in the presence of appropriate substrates. We found significant differences in the population distribution of sperm expressing each of the two activities, and the ratio of the two activities in sperm homogenate is very different from the one found in erythrocyte lysates. The possibility of haploid gene expression has been considered in interpreting these results.
Because of asymmetrical segregation of the sex chromosomes in male meiosis, it is of particular interest to know if the expression of the X-linked markers is limited to those sperm, about a half of the total numbers, that carry and can transmit the X-chromosome. In initial studies with human sperm we detected the activities of 4 X-linked enzymes (McKusick, 1975a) : alphagalactosidase, phosphoglyceratekinase, hypoxanthineguanine phosphoribosyltransferase, and glucose-6-phosphate dehydrogenase. G6PD activity appeared to be ideally suitable among the 4 enzymes for detecting sex- linked expression of individual sperm cells. This brief report presents the evidence to indicate that the sperm G6PD is probably identical to the erythrocyte enzyme (Yoshida, 1966 ) and a single locus in the X-chromosome controls the expression of G6PD in sperm as in other tissues (Linder and Gartler, 1965) . With the use of fluorescence microscopy, we devised a procedure to visualise, in individual sperm cells, the formation of reduced coenzyme (NADPH) .
Using this procedure we have determined the population distribution characteristic of G6PD, and autosomally linked 6PGD (6-phosphogluconate dehydrogenase) activities in normal sperm (phenotype and sperm from a G6PD-deficient donor (phenotype G6PD-A-) (Yoshida et al., 1967) .
Materials and methods ENZYME ASSAY
A fluorimetric method (Estabrook and Maitra, 1962) was used to assay the production of NADPH Received for publication 18 October 1976 (nicotinamide adenine dinucleotide phosphate, reduced) from NADP in the presence of glucose-6-phosphate (G6P) or 6-phosphogluconate (6PG). Enzyme activities were measured in a Farrand spectrofluorometer with 2 grating monochromators, one to select the wavelength of excitation (365 nm) for reduced NADPH and the other (set at 472 nm) to receive the emitted wavelengths. In addition, the emitted wavelengths were passed through a sharp cut-off filter excluding the excitation wavelengths. This was carried out as described previously (Howell etal., 1972 (Yoshida et al., 1967) .
Results and discussion
The recovery of G6PD activity in sperm homogenates is highest when extracts are prepared in the presence of a nonionic detergent, such as noniodet P-40. It may be that the native enzyme is in the particulate fraction, or has a tendency to bind to lipids released during homogenization. Given the low water content and high lipid content of sperm it is not surprising that the enzyme is found in an insoluble form, and can be solubilised by extracting with a mild detergent. The average G6PD activity of sperm is 0 002 ,umol NADPH produced per minute per million cells or equivalent extract, compared with 5 times that activity in erythrocyte lysates. However, G6PD of the sperm extracts and erythrocyte lysates migrate to an identical position in disc gel electrophoresis: the single band of G6PD activity, revealed by specific staining of the acrylamide gel after disc electro- . The samples were obtainedfrom a normal (G6PD-B+ individual). The band ofhaemoglobin (Hb) in haemolysate is indicated in the gel. Extracts were treated with nonionic detergent noniodet-P40 before loading for electrophoresis. The gel electrophoresis and staining were carried out as previously described (Brewer and Dern, 1964) . phoresis of crude extracts, is shown in Fig. 1 . Though it is not a standard method of electrophoresis for G6PD, polyacrilamide gel provides a sensitive method for distinguishing the mutant forms of the enzyme molecule in a heterozygote (Howell et al., 1972) . The sperm homogenate G6PD activity was inhibited by the neutralizing antibody prepared against the G6PD purified from erythrocyte lysate (Yoshida et al., 1967) . The neutralizing antibody was added in the assay mixture a few minutes after the initial rate of G6PD reaction had been established. Addition of antibody in excess, caused immediate inhibition of NADPH formation. In our assay conditions, 5 ,1 antibody neutralized 0 025 units of sperm G6PD activity. Lowered levels of G6PD were found both in sperm and erthyrocytes of an Adonor (Yoshida et al., 1967) (1965), from their study of different tissues in females, arrived at the same conclusion.
The specific fluorescence of NADPH produced by individual sperm cells in the presence of G6P and NADP could be visualized under fluorescence microscopy. Thus, we had the opportunity of observing the population distribution ofsperm cells with respect to the expression of an X-linked marker. In the early phase of this work, we noticed that washed sperm cells were permeable to phosphorylated intermediates, so that we could measure the activities of 2 other X-linked enzymes, phosphoglycerate kinase (PGK) and hypoxanthine-guanine phosphoribosyl transferase (HGPRT) in sperm. However, these 2 and alphagalactosidase activities could not be adapted for microscopical observation and G6PD appeared to us to be the marker of choice for single cell studies. Fluorescence microscopy of sperm is I group.bmj.com on June 21, 2017 -Published by http://jmg.bmj.com/ Downloaded from subjected to many optical artefacts: for example, human sperm has an anisometric head structure, and since the fluorescence is primarily in the head region, approximately half the number of cells which lie on their side may appear nonfluorescent; relatively low activity of G6PD and the fact that G6PD may be inactivated in sperm because of weeks of delay in the passage of sperm from testis to the ejaculate may also explain why a subpopulation of sperm is nonfluorescent. Some of the possible artefacts of observation perhaps could be eliminated if we examined the activity of an NADP dependent dehydrogenase activity which is autosomally linked, since the autosomes segregated symmetrically during male meiosis and one should find such an enzyme to be uniformly active in all cells. The enzyme, 6-phosphogluconate dehydrogenase (6PGD) was chosen for this purpose (McKusick, 1975b) ; 6PGD is physiologically coupled to the activity of G6PD and also forms reduced NADPH.
The specific fluorescence of NADPH in sperm incubated with NADP and glucose-6-phosphate (G6P) or 6-phosphogluconate (6PG) is shown in Fig. 2 . Incubation of sperm after a long period of time (2 5 hours) with G6P in the absence of NADP, indicated very low levels of specific fluorescence (Fig.  2a) which may be the result of glucose generated by the hydrolysis of substrate; the background fluorescence is slightly higher after 2 5 hours with NADP alone (Fig. 2b) . However, incubation with substrate and coenzyme results in rapid development of fluorescence: sperm incubated with G6P and NADP show brilliant fluorescence in 30 minutes (Fig. 2c) , and sperm become fluorescent within 15 minutes when 6PG and NADP are added (Fig. 2d) . Deficiency of G6PD in A-sperm produces low fluorescence only after 2 5 hours of incubation (Fig. 2e) . However, A-sperm become quickly fluorescent (in 5 minutes) when 6PG and NADP are added (Fig. 2f) . The relative amount of fluorescence under the assay conditions was dependent on the period of incubation, as judged by visualization of cells at equal intervals over a period of time, and serially recording fluorescence at constant photographic conditions. Longer periods ofincubation were avoided because of an increase in background fluorescence by NADPH escaping into the medium. Independent fluorimetric studies on whole cells suggest that the brightest cells were probably generating in the order of 0 001 picomole of NADPH per minute, and the dark cells or the A-sperm may have no more than 25 % of that activity.
The heterogeniety among normal sperm in the intensity of fluorescence was particularly apparent in the time-lapse photography ( Fig. 2c is a frame from such a series) of cells incubated with G6PD and It appeared to us while examining sperm for 6PGD activity under fluorescence microscopy, that the cells become more rapidly fluorescent, indicating relatively higher activity of 6PGD compared to G6PD.
The average ratios of 6PGD: G6PD activities in sperm and erythrocyte homogenates are shown in the Table. The rate ofreaction ofnormal sperm G6PD is taken as unity to express the relative slopes of other activities. The ratio in sperm is approximately twice higher than that in erythrocyte; a higher absolute level of 6PGD in sperm is consistent with the more rapid development of NADPH fluorescence in sperm incubated with 6-phosphogluconate than those with glucose-6-phosphate. The activity of 6PGD in A-sperm is even higher, which was not in accordance with the 6PGD levels that have been reported in G6PD deficient individuals (Brewer and Dern, 1964; Parr and Fitch, 1967) . It would be interesting to investigate whether all A-donors have extraordinarily high levels of 6PGD in their sperm; such high 6PGD levels suggest that the reduced coenzyme levels in sperm (Mann, 1964) are perhaps controlled by a pathway different from what is known in erythrocyte.
Although many lines of evidence suggest that the condensed XY bivalent is genetically inactive during male meiosis (Monesi, 1971; Moore, 1972) Fig. 3 . In haploid segregants of Y chromosomes, there will be dilution of pre-existing G6PD activity since it can no longer be made in the absence of X chromosome, thus the ratio of 6PGD: G6PD should be 2:05; in contrast, in the X chromosome segregants the ratio should be equal to 1 or less than 1 (range 0 7 to 1 -0) as it is found in the normal erythrocyte (Linder and Gartler, 1965; Brewer and Dern, 1964; Parr and Fitch, 1967) . The overall expected ratio of 2 enzyme activities as shown in Fig. 3 is compatible with the observed activities (Table) .
Evidence for gene specific phenotypic variations in individual sperm, as we have presented here for sperm G6PD, will not alone be sufficient to establish whether genetic expression takes place in haploid spermatids. Our interest in studying X-linked enzyme activities in sperm was because these enzymes may provide an alternative selective procedure for or against a subpopulation of sperm compared with the antigen-antibody system applied by previous workers (Bennett and Boyse, 1973 
